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Abstract
Background: Restoration of gait is an important goal of rehabilitation after hip fracture. Numerous spatial and
temporal gait variables have been reported in the literature, but beyond gait speed, there is little agreement on
which gait variables should be reported and which are redundant in describing gait recovery following hip fracture.
The aims of this study were to identify distinct domains of gait and key variables representing these domains, and
to explore how known predictors of poor outcome after hip fracture were associated with these key variables.
Methods: Spatial and temporal gait variables were collected four months following hip fracture in 249 participants
using an electronic walkway (GAITRite®). From the initial set of 31 gait variables, 16 were selected following a
systematic procedure. An explorative factor analysis with oblique (oblimin) rotation was performed, using principal
component analysis for extraction of factors. Unique domains of gait and the variable best representing these
domains were identified. Multiple regression analyses including six predictors; age, gender, fracture type, pain,
global cognitive function and grip strength were performed for each of the identified key gait variables.
Results: Mean age of participants was 82.6 (SD = 6.0) years, 75 % were women, and mean gait speed was 0.6
(SD = 0.2) m/sec. The factor analysis revealed four distinct gait domains, and the key variables that best represented
these domains were double support time, walk ratio, variability of step velocity, and single support asymmetry.
Cognitive decline, low grip strength, extra capsular fracture and male gender, but not pain or age, were significant
predictors of impaired gait.
Conclusions: This work proposes four key variables to represent gait of older people after hip fracture. These core
variables were associated with known predictors of poor outcome after hip fracture and should warrant further
assessment to confirm their importance as outcome variables in addition to gait speed.
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Background
Safe and efficient gait is a prerequisite for independent
living in old age. Worldwide there are 1.6 million hip
fractures annually [1]. The majority of hip fracture pa-
tients never regain prefracture function [2]. Gait impair-
ment is an important reason this group faces long-term
disability [3], loss of independence in activities of daily
living (ADL), and increased fall risk [4].
The underlying mechanisms for gait decline following
hip fractures are poorly understood and there are few
reports on gait characteristics beyond gait speed in this
group. Gait speed has been recommended as an overall
measure of health and function in older adults [5]. How-
ever gait is not a unitary concept, and different gait
variables have demonstrated discriminate and predictive
ability for cognitive function [6] and for falls [7] suggest-
ing there are complementary information to gain from
gait variables beyond gait speed.
With the advent of electronic walkways, a large num-
ber of gait variables can be easily measured and re-
ported, even in frail populations such as hip fracture
patients. Identification of which gait variables capture
the most important properties of gait impairment after
hip fracture would aid future research targeting gait.
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Factor analysis can be used to explain the underlying
structure of a set of variables and thereby reduce a large
dataset to a more manageable size, while retaining as
much of the original information as possible [8]. Previ-
ous studies deriving gait domains by use of factor ana-
lysis in relatively healthy community-dwelling older
adults have demonstrated three to six distinct domains
of gait [6, 9, 10]. However, it is not known if the same
domains are representative for gait in frailer older people
following hip fracture. The present study aimed to iden-
tify a set of gait variables to describe gait in hip fracture
patients and to explore how known risk factors for poor




Data were collected between April 2008 and December
2011 from participants included in the Trondheim Hip
Fracture Trial [11]. Inclusion criteria for that trial were
community-dwelling prior to the fracture, aged ≥ 70 years,
and having undergone surgery for intra- or extra-capsular
hip fracture (ICD 72.0–72.2). Exclusion criteria were
pathological fractures and life expectancy shorter than
3 months. For the present study, data from the assessment
carried out four months post-surgery were used.
The Trondheim Hip Fracture Trial was approved by
the Regional Committee of Ethics in Medical Research
(REK4.2008.335), the Norwegian Social Science Data
Services (NSD19109), and the Norwegian Directorate of
Health (08/5814). Patients or their next-of-kin gave
informed written consent to be included in the study be-
fore participation.
Procedure
Gait assessment was carried out using a GAITRite® mat
(CIR systems Inc. Sparta, US). Data were collected from
a 4.88 m active area in the middle of an 8.0 m walkway.
Participants walked back and forth at self-selected pre-
ferred speed, with each walk starting from a standing
position approximately 1.5 m outside the active area.
Walking aids were permitted only when the participant
was unable to walk without one. Where two walks were
available, the values from each walk were averaged.
Outcomes
Basic ADL was assessed using the Barthel Index [12]
and instrumental ADL function using Nottingham Ex-
tended I-ADL scale [13]. Global cognitive function was
assessed using the Mini Mental State Examination
(MMSE) [14]. Grip strength was measured by the Jamar®
handheld dynamometer, using the maximum value of
two attempts by the strongest hand. Level of pain in the
affected hip while walking was measured using an
eleven-point numeric rating scale. Fracture type was
dichotomised into intra- and extra-capsular fractures.
Data processing and statistical analysis
Data from the GAITRite mat were processed using the
PKmas® software, which is a new programme developed
to improve the processing of difficult footstep patterns,
such as overlapping steps. Outcomes derived from the
PKmas and GAITRite softwares have been shown to be
comparable at group level for most variables [15]. Mean,
within subject standard deviation (SD), coefficient of
variance (CV (SD/mean*100)), and left/right ratio of
spatial and temporal gait variables were calculated by
the software and exported to Microsoft Excel® for further
calculations of walk ratio (step length/cadence) and
asymmetry: 100x(|ln(left/right)|) [16]. For the variability
measures, the standard deviations for left and right sides
were calculated separately and then averaged to avoid
the effect of asymmetry on the values.
Selection of gait variables
Thirty-one commonly reported gait variables were ini-
tially considered for the factor analysis. These included
three broad categories of variables; the mean temporal
and spatial values measured over multiple steps, variabil-
ity over these steps measured as both SD and CV, and
left-right step asymmetry. CV is preferred when increase
in SD is proportional to the within subject mean value.
If SD is unrelated to the within subject mean value SD
should be used as the measure of variability [17]. Steps
instead of strides allow for calculation of left/right asym-
metry and were therefore chosen.
The pattern of correlation among variables within a
dataset determines if factor analysis is a suitable method.
The correlation matrix determinant was checked for indi-
cations of multicollinearity (should be >0.00001) and the
Kaiser-Meyer-Olkin statistics (KMO) for sampling ad-
equacy (should be >0.5 for individual variables and >0.7
for overall KMO) [8]. Variables with a correlation higher
than 0.9 and with KMO below 0.5 were considered re-
moved from the analysis.
Each gait variable was inspected for normal distribu-
tion by Q-Q plots. As factor analysis is not very sensitive
to deviations from the normal distribution [8], minor
deviations were accepted. Based on the Q-Q plots,
double support time, step time and all the variability
variables except SD step width, were log transformed.
Factor analysis
An exploratory factor analysis was conducted in SPSS
(IBM statistics 21). The extraction method was principal
component analysis and the number of factors based on
Eigenvalues > 1. Factors were expected to be correlated,
and therefore oblique rotation used [8]. Criteria for
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selection of key variables were high factor loading in
combination with low levels of cross loading. Factor
loadings higher than 0.3 was set as the limit for cross
loadings [8].
In order to assess the robustness of the results, we
performed additional analyses using gait data collected
twelve months following the fracture and also after ex-
clusion of participants who walked with walking aids
during the assessment. We also performed an additional
factor analysis using a similar set of variables as Lord et
al. [9], in order to compare with findings in healthy older
adults.
Multiple regression analyses
Multiple regression analyses were carried out with gait
speed and each of the identified key gait variables as
dependent variables. Six known risk factors for poor
outcome after hip fracture (age, gender, fracture type,
pain level, grip strength and MMSE score) were entered
as predictors. We used log transformed values for
skewed variables (double support time and step velocity
variability).
Results
Two hundred and forty nine participants were included
in the analysis. Seventy-five percent were women. Time
since fracture was 16.2 (SD 1.8 weeks). Sixty-four per-
cent had intracapsular fractures, and of these the major-
ity (67 %) were operated with arthroplasty. Sixty percent
of the participants used walking aids indoors. Twenty-
five percent were not able to walk without walking aids
during the gait assessment and therefore used either a
rollator or a stick. Table 1 shows clinical characteristics
of the participants four months post-surgery, while
Table 2 shows means, standard deviations and the range
for the gait variables included in the factor analysis.
Initial selection of variables
The procedure for selection of variables is presented in
Fig. 1. Based on inspection of the correlation matrix and
KMO statistics for individual variables, seven variables were
removed including cadence, all stance time parameters, per-
centage double support, and single support time. Variability
was reported as SD based on inspection of degree of
proportionality between SD and means, and CV not included.
The selection procedure resulted in 16 variables
remaining to be included in the factor analysis (Table 2).
For this model the overall KMO was 0.79 and the
Bartlett’s test of sphericity was significant (p < 0.0001).
Factor analysis
The factor analysis (Table 3) yielded four domains
explaining 79 % of the variance. These domains were la-
belled in line with earlier published models [9]. Domain
1: Pace/rhythm, Domain 2: Postural control, Domain 3:
Variability, and Domain 4: Asymmetry. Forty-seven per-
cent of the variance was explained by the pace/rhythm
domain which also contained the highest number of
variables and was dominated by mean and variability of
temporal variables. Postural control explained 15 %,
Table 1 Clinical characteristics four months post-surgery
Sample characteristics Number Mean (SD)
Age (years) 249 82.6 (6.0)
Barthel Index (0–20) 249 17.4 (3.0)
Nottingham E-ADL Index (0–66) 248 35.9 (17.0)
Mini Mental State Examination (0–30) 247 24.3 (5.2)
Grip strength women 185 18 (5)
Grip strength men 61 30 (8)
Pain (0–10) 240 1.8 (2.0)
n/N %
Women 191/249 77
Intracapsular fractures 158/249 64
Arthroplastya 107/158 68
E-ADL Extended activities of daily living, aproportion of intracapsular fractures
Table 2 Gait characteristics four months post-surgery (n = 249)
Mean gait characteristics Mean SD Range
Steps (number) 25.2 10.2 8–83
Speed (m/sec) 0.62 0.25 0.20–1.42
Cadence (steps/min) 91 16 55–132
Walk Ratio (step length/cadence) 0.45 0.13 0.11–0.81
Step length (m) 0.40 0.12 0.13–0.81
Step width (cm) 8.93 3.9 0.35–22.0
Step time (s) 0.682 0.128 0.455–1.099
Single support (%) 30.8 4.6 17.4–38.9
Double support (s) 0.536 0.197 0.210–1.159
Variability gait characteristics Mean SD range
SD step velocity (m/sec) 0.05 0.02 0.02–0.11
SD step length (m) 0.03 0.01 0.01–0.08
SD step width (cm) 1.9 0.7 0.6–4.1
SD step time (s) 0.047 0.039 0.007–0.319
SD single support (s) 0.036 0.018 0.007–0.126
SD double support (s) 0.060 0.067 0.008–0.627
Asymmetry gait characteristics % Mean SD range
Step length asymmetry 15 21 0–163
Step time asymmetry 10 10 0–46
Single support time asymmetry 14 15 0–76
SD standard deviation, CV coefficient of variation (SD/mean x 100);
Asymmetry = 100 x (|ln(left/right)|)
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variability 11 % and asymmetry 7 %. The pace/rhythm,
postural control and asymmetry domains had about 10 %
overlap in variance between factors, thus supporting the
use of oblique rotation. Cross loadings for single variables
above 0.3 were found for step velocity, step time, single
support percentage, step length and SD step length.
Four variables with high loadings without cross load-
ing were found for the pace/rhythm domain; double
support time and SD of single support time, double sup-
port time and step time. For the other three domains
walk ratio, variability in step velocity and asymmetry of
single support time were the variable with highest load-
ing and with no cross loadings.
Double support time were selected above measures of
variability to represent the Pace/Rhythm domain due to
previous work indicating the clinical relevance of this
variable [7, 18–21] and as mean of temporal gait
variables more consistently has demonstrated good reli-
ability as compared to measures of gait variability [22].
Additional analyses firstly excluding participants using
walking aids during the assessments and secondly using
the data from the 12-month assessments, revealed the
same domains and similar loadings as for the primary
analysis (Additional file 1). Using the variables similar
to Lord et al. [9], the factor analysis revealed almost
the same factor structure as found in healthy older
adults, except that with our hip fracture patients’ data
the pace and rhythm domains were combined
(Additional file 2).
Multiple regression analyses
Results from the multiple regression analyses are pre-
sented in Table 4 showing that male gender and extra
capsular fractures were associated with lower gait speed,
increased double support time and higher asymmetry.
Reduced global cognitive function were associated with
lower gait speed and increased double support time,
and low grip strength with reduced gait speed, in-
creased double support time and lower walk ratio. Age
and pain were not significantly associated either of the
key variables.
Fig. 1 Flow chart describing the process for initial selection of variables for the factor analysis
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Discussion
This study aimed to find the unique domains that char-
acterise gait in hip fracture patients and the key gait
variables that best represent each of these domains. As
expected we found high correlations among gait vari-
ables captured from the same walk. Despite this, the
factor analysis revealed four relatively distinct domains
and at least one variable for each domain with high
factor loading and minimal cross loadings. The relevance
of the four key gait variables was supported by the re-
gression analysis, showing associations with established
predictors for poor outcome following a hip fracture.
The main structure of the factor solution found in the
present work was similar to that found in a previous
sample of community-dwelling older people, supporting
the notion of a more universal gait model [23]. As a re-
sult we choose to name domains revealed from the
factor analysis in our study according to the previous
models; pace/rhythm, postural control, variability and
asymmetry.
In line with earlier work we found that temporal vari-
ables, mean step width, asymmetry in temporal variables,
and spatial variability loaded to unique gait domains.
However we did not find pace (velocity and step length)
Table 3 Factor loadings and proportion of variance explained by each domain for the 16 gait variables included in the analysis
Pace/Rhythm 47 % Postural control 15 % Variability 11 % Asymmetry 7 %
Pace/Rhythm:
Gait speed -.721 -.353 .218 -.110
Step time .978 -.394 -.224 -.052
Single support % -.495 -.473 .161 -.224
Double support time .857 .108 -.194 .100
SD step time .888 .057 .162 .066
SD single support time .847 .031 .168 .028
SD double support time .855 .108 .129 .048
Postural control:
Walk ratio -.135 -.900 .019 -.177
Step length -.436 -.653 .155 -.148
Step width .051 .635 .122 -.078
Variability:
SD step velocity .036 .237 .820 .095
SD step length .508 .149 .660 .028
SD step width -.159 -.163 .666 -.013
Asymmetry:
Step length asymmetry -.062 .215 -.070 .725
Step time asymmetry .028 -.121 .089 .935
Single support asymmetry .024 -.109 .016 .953
Factor loadings above 0.3 are in bold
SD standard deviation













B p B p B p B p B p
age .087 .186 -.113 .080 .114 .107 .048 .481 .113 .070
gender -.227 .007 -.087 .288 .031 .735 -.200 .022 .201 .011
fracture .160 .008 .008 .892 -.063 .330 .199 .002 -.190 .001
pain .026 .672 -.076 .199 -.024 .718 .115 .070 -.060 .296
MMSE -.208 .001 .100 .104 -.125 .067 .014 .827 .205 .001
grip strength -.267 .003 .296 .001 .100 .309 -.094 .320 .374 <.001
MMSE mini mental state examination, SS single support
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and rhythm (temporal variables) separated onto unique
domains. Cross loadings were found for step velocity,
step length and percentage single support. These are
variables highly related to gait speed suggesting that
these variables represent overall gait performance simi-
larly to gait speed.
We found temporal and spatial variability loaded onto
separate domains. This was the same finding as in
healthy older adults [9]. Previous work has also demon-
strated low correlation between these gait characteristics
and suggested that variability in temporal and spatial gait
characteristics represent different constructs [17].
We also included walk ratio which is step length/ca-
dence, as it has earlier demonstrated to be relatively in-
dependent of gait speed, which step length and cadence
are not [24]. Walk ratio loaded strongly to the postural
control domain, and was also found to be associated
with grip strength, which is often seen as a general indi-
cator of health. Furthermore, temporal and spatial asym-
metry between the affected and non-affected leg was
also included as asymmetry is of particularly importance
when assessing recovery of gait after a uni-lateral injury.
Asymmetry loaded to a separate domain and was also
found to be related to fracture type, thus confirming the
importance of assessing this variable following hip frac-
ture. Despite being derived from other variables walk ra-
tio and asymmetry demonstrated to represent different
constructs and be relatively independent of the original
variables and could be of clinical importance in this
population.
As in most previous studies, the regression analysis
demonstrated that gait speed might be a robust indicator
of gait. However, gait speed did not have a high loading
in the variability and the asymmetry domains, suggesting
that these domains represented by the key variables step
velocity variability and single support asymmetry have
added value beyond gait speed.
The clinical correlates of the four domains cannot be
implied from the factor analysis, but has to be inter-
preted in view of empirical evidence and earlier findings.
Pace and rhythm in gait have been suggested to reflect
central gait control mechanisms, with ‘pace’ being re-
lated to higher cortical mechanisms and ‘rhythm’ to
spinal and brain stem mechanisms [6]. The ratio of step
length to cadence (walk ratio) in normal gait is highly
consistent across speeds and has been suggested to re-
flect higher order automatic control of gait [25]. Low
walk ratio has been associated with cautious gait [24]
and falls [26]. A combination of shorter step length, in-
creased cadence and broader step width, rather than
simply reducing gait speed, has been described as a
strategy to cope with medio-lateral balance perturba-
tions and increased medio-lateral margins of stability
during walking [27, 28]. Hip fracture is a unilateral
injury associated with pain [29], changes in biomechan-
ics and muscle function of the hip abductors [30]. Asym-
metric weight loading is a persistent characteristic of
gait after hip fracture [31], and high levels of gait asym-
metry were also found in this study.
The regression analyses indicated an association be-
tween gait impairments and known predictors of poor
functional outcome after hip fracture including cognitive
function, male gender, fracture type, and grip strength
which is associated with sarcopenia and frailty [32]. This
suggests that the identified key gait variables are relevant
to outcome following hip fracture and can thus be rec-
ommended for the assessment of gait following a hip
fracture. Further work should explore more specific hy-
potheses including how cognitive functioning, physical
frailty and muscle function related to hip stability are as-
sociated with the different key gait variables and look
specifically at how each of the key gait variables respond
to interventions.
The study has some possible limitations. A factor solu-
tion is the result of the selection of variables entered into
the analysis. Therefore, it is possible that other gait vari-
ables than those included in our model are important for
outcome after hip fracture. Further this work included a
heterogenic sample with regards to physical and cognitive
function. This should make results generalizable but could
also hide differences between subgroups. Never-the-less
our gait model was found to be robust as demonstrated by
similar findings with the 12-months post-fracture data
and if participants walking with walking aids were ex-
cluded. Furthermore, the structure of the factor solution
and loading of variables is also very similar to the model
previously described in healthy older adults [9].
Conclusion
The present work suggests four key gait variables:
double support time, walk ratio, SD of step velocity and
single support time asymmetry to represent the unique
domains of gait in older hip fracture patients. It is sug-
gested that the findings may facilitate the selection and
interpretation of gait variables in future clinical trials.
Further work is needed to determine how these vari-
ables are associated with clinical features, or can be used
to provide insight into the improvement in gait perform-
ance achieved by different interventions. In the longer
term in-depth knowledge about gait characteristics could
help to guide the development of more targeted and ef-
fective interventions to maximise gait recovery and to
understand underlying mechanisms of gait impairments
in older hip fracture patients.
Data availability
Data files are not available due to participants’
confidentiality.
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Abbreviations
ADL: Activities of Daily Living; MMSE: Mini Mental State Examination;
CV: Coefficient of variance; Walk Ratio: Step length (cm)/cadence (steps/min);
KMO: Kaiser-Meyer-Olkin statistics.
Competing interests
All authors declare that they have no competing interests.
Authors’ contributions
All authors were involved in conception and design of the study. PT and KT
were responsible for data collection. PT performed the data analysis and
drafted the manuscript. All authors have been involved in critically revising
the manuscript and have given final approval of the version to be published.
Acknowledgements
We would like to thank Jonathan Sutcliffe for processing the data from the
GAITRite. The research was supported by Norwegian Research Council, The
Liaison Committee between the Central Norway Regional Health Authority
(RHA) and the Norwegian University of Science and Technology (NTNU).
Author details
1Department of Neuroscience, Norwegian University of Science and
Technology, PO Box 8905, 7491 Trondheim, Norway. 2Department of Global
Public Health and Primary Care, University of Bergen, Bergen, Norway.
3Department of Clinical Services, St. Olav University Hospital, Trondheim,
Norway.
Received: 7 July 2015 Accepted: 12 November 2015
References
1. Johnell O, Kanis JA. An estimate of the worldwide prevalence and disability
associated with osteoporotic fractures. Osteoporos Int. 2006;17(12):1726–33.
2. Magaziner J, Hawkes W, Hebel JR, Zimmerman SI, Fox KM, Dolan M, et al.
Recovery from hip fracture in eight areas of function. J Gerontol Ser A Biol
Med Sci. 2000;55(9):M498–507.
3. Bertram M, Norman R, Kemp L, Vos T. Review of the long-term disability
associated with hip fractures. Inj Prev. 2011;17(6):365–70.
4. Lloyd BD, Williamson DA, Singh NA, Hansen RD, Diamond TH, Finnegan TP,
et al. Recurrent and injurious falls in the year following hip fracture: a
prospective study of incidence and risk factors from the Sarcopenia and Hip
Fracture study. J Gerontol Ser A Biol Med Sci. 2009;64(5):599–609.
5. Cummings SR, Studenski S, Ferrucci L. A diagnosis of dismobility—giving
mobility clinical visibility: a Mobility Working Group recommendation.
JAMA. 2014;311(20):2061–2.
6. Verghese J, Wang C, Lipton RB, Holtzer R, Xue X. Quantitative gait
dysfunction and risk of cognitive decline and dementia. J Neurol
Neurosurg Psychiatry. 2007;78(9):929–35.
7. Verghese J, Holtzer R, Lipton RB, Wang C. Quantitative gait markers
and incident fall risk in older adults. J Gerontol Ser A Biol Med Sci.
2009;64(8):896–901.
8. Field A. Discovering Statistics Using SPSS, second edition edn, London.
Thousand Oaks. New Delhi: SAGE Publications Ltd; 2005.
9. Lord S, Galna B, Verghese J, Coleman S, Burn D, Rochester L.
Independent domains of gait in older adults and associated motor and
nonmotor attributes: validation of a factor analysis approach. J Gerontol Ser
A Biol Med Sci. 2013;68(7):820–7.
10. Hollman JH, McDade EM, Petersen RC. Normative spatiotemporal gait
parameters in older adults. Gait Posture. 2011;34(1):111–8.
11. Prestmo A, Hagen G, Sletvold O, Helbostad JL, Thingstad P, Taraldsen K,
et al. Comprehensive geriatric care for patients with hip fractures:
a prospective, randomised, controlled trial. Lancet. 2015.
12. Mahoney FI, Barthel DW. Functional evaluation: the Barthel index. Md State
Med J. 1965;14:61–5.
13. Nouri FM, Lincoln NB. An extended activities of daily living scale for stroke
patients. Clin Rehabil. 1987;1:301–5.
14. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician.
J Psychiatr Res. 1975;12(3):189–98.
15. Egerton T, Thingstad P, Helbostad JL. Comparison of programs for
determining temporal-spatial gait variables from instrumented walkway
data: PKmas versus GAITRite. BMC Res Notes. 2014;7(1):542.
16. Yogev G, Plotnik M, Peretz C, Giladi N, Hausdorff JM. Gait asymmetry
in patients with Parkinson’s disease and elderly fallers: when does the
bilateral coordination of gait require attention? Experimental Brain
Research Experimentelle Hirnforschung Experimentation Cerebrale.
2007;177(3):336–46.
17. Moe-Nilssen R, Aaslund MK, Hodt-Billington C, Helbostad JL.
Gait variability measures may represent different constructs.
Gait Posture. 2010;32(1):98–101.
18. Schwenk M, Howe C, Saleh A, Mohler J, Grewal G, Armstrong D, et al.
Frailty and technology: a systematic review of gait analysis in those with
frailty. Gerontology. 2014;60(1):79–89.
19. Rosano C, Brach J, Longstreth Jr WT, Newman AB. Quantitative measures of
gait characteristics indicate prevalence of underlying subclinical structural
brain abnormalities in high-functioning older adults. Neuroepidemiology.
2006;26(1):52–60.
20. Rosano C, Aizenstein H, Brach J, Longenberger A, Studenski S, Newman AB.
Special article: gait measures indicate underlying focal gray matter atrophy
in the brain of older adults. J Gerontol Ser A Biol Med Sci.
2008;63(12):1380–8.
21. Maki BE. Gait changes in older adults: predictors of falls or indicators of fear.
J Am Geriatr Soc. 1997;45(3):313–20.
22. Lord S, Howe T, Greenland J, Simpson L, Rochester L. Gait variability in older
adults: a structured review of testing protocol and clinimetric properties.
Gait Posture. 2011;34(4):443–50.
23. Lord S, Galna B, Rochester L. Moving forward on gait measurement: toward
a more refined approach. Mov Disord. 2013;28(11):1534–43.
24. Zijlstra A, de Bruin ED, Bruins N, Zijlstra W. The step length-frequency
relationship in physically active community-dwelling older women.
Eur J Appl Physiol. 2008;104(3):427–34.
25. Egerton T, Danoudis M, Huxham F, Iansek R. Central gait control
mechanisms and the stride length - cadence relationship. Gait Posture.
2011;34(2):178–82.
26. Callisaya ML, Blizzard L, McGinley JL, Srikanth VK. Risk of falls in older people
during fast-walking—the TASCOG study. Gait Posture. 2012;36(3):510–5.
27. Hak L, Houdijk H, Steenbrink F, Mert A, van der Wurff P, Beek PJ, et al.
Speeding up or slowing down?: Gait adaptations to preserve gait stability in
response to balance perturbations. Gait Posture. 2012;36(2):260–4.
28. Hof AL. The ‘extrapolated center of mass’ concept suggests a simple control
of balance in walking. Hum Mov Sci. 2008;27(1):112–25.
29. Osnes EK, Lofthus CM, Meyer HE, Falch JA, Nordsletten L, Cappelen I, et al.
Consequences of hip fracture on activities of daily life and residential needs.
Osteoporos Int. 2004;15(7):567–74.
30. Zlowodzki M, Ayieni O, Petrisor BA, Bhandari M. Femoral neck shortening
after fracture fixation with multiple cancellous screws: incidence and effect
on function. J Trauma. 2008;64(1):163–9.
31. Nightingale EJ, Sturnieks D, Sherrington C, Moseley AM, Cameron ID,
Lord SR. Impaired weight transfer persists at least four months after hip
fracture and rehabilitation. Clin Rehabil. 2010;24(6):565–73.
32. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al.
Sarcopenia: European consensus on definition and diagnosis: Report of the
European Working Group on Sarcopenia in Older People. Age Ageing.
2010;39(4):412–23.
Thingstad et al. BMC Geriatrics  (2015) 15:150 Page 7 of 7
